Despite vigorous cell-mediated immune responses to human and simian immunodeficiency viruses (HIV͞SIV) the immune system is unable to clear latently infected resting T cells. These infected cells are reactivated by antigenic stimulation, leading to viral replication. By using the SIV͞macaque model of HIV pathogenesis, the dynamics of T cell infiltration into delayed type hypersensitivity sites specific for the purified protein derivative of bacillus Calmette-Gué rin have been studied. Early viral mRNA synthesis coincided with the infiltration of antigen-specific T cells. When the infiltration of anti-SIV-specific T cells was rapid compared with the kinetics of viral assembly, the sites were sterilized before the transition to late viral mRNA synthesis occurred. When their infiltration was slow, ephemeral foci of replication were identified. These findings were paralleled by plasma viremia; low viremia coincided with rapid sterilization of the delayed type hypersensitivity sites, whereas high load was found in association with local replication and delayed sterilization. These data suggest that although effective local control of SIV is possible once antiviral T lymphocytes have arrived on site, the slower deployment of these T cells may allow the virus to escape and thus to reseed the pool of memory T cells.
H
uman and simian immunodeficiency virus (HIV͞SIV) replication is particularly apparent in the immunocompetent structures of secondary lymphoid organs such as spleen, lymph nodes, or Peyer's patches, where antigenic stimulation is intense. These structures are extensively infiltrated by CD8 ϩ T cells (1) , which strongly control viremia at a local level (ref. 2; unpublished data). Thus, depletion of macaque CD8 cells by treatment with monoclonal antibodies in vivo resulted in massive SIV expansion as evidenced by a 10-to 100-fold increase in plasma viremia (3) . Yet, despite strong CD8 T cell responses, viremia and the proportion of infected cells increase remorselessly over time, indicating that the virus is able to overcome antiviral immunity. Many explanations accounting for the progression to AIDS have been proffered, including the high-level replication in sanctuaries (4) or mutation within epitopes (5) (6) (7) .
The persistence of the virus can be partly attributed to the presence of latently infected CD4 T cells, in which the provirus, being transcriptionally silent, is invisible to specific immunity (8) . However, these cells can be recruited to sites of immune responses and activated, thus resulting in proviral transcription (9, 10) and leading to strong founder effects (11) . In this way, HIV or SIV enters into the center of an immunological reaction, in a manner described as a ''Trojan horse'' mechanism (12, 13) . After activation of latently infected, antigen-specific T cells, there is a window of Ϸ10 h between the onset of early protein synthesis and the shedding of virus (14) . Some of these proteins are catabolized to peptides and presented in the context of cell surface MHC class I molecules. These complexes are recognized by anti-SIV CD8 T cells, resulting in destruction of the infected target cells.
Although infected cells may be destroyed before producing virus, the killing efficiency of this process depends on the relative dynamics of virus assembly and the infiltration of anti-SIV cytotoxic T lymphocytes (CTLs) in the sites of antigen-induced immune responses. Here the relative kinetics of antigen-specific CD4 T cell infiltration, activation of SIV replication, and its restriction by infiltrating CTLs are explored in delayed type hypersensitivity (DTH) reactions to serial intradermal injection of purified protein derivative (PPD) of bacillus CalmetteGuérin (BCG) as a model for local immune activation.
Materials and Methods
Experimental Protocol. Two rhesus macaques (Macaca mulatta), 94057 and 94005, were inoculated i.v. with BCG (10 7 plaqueforming units) at weeks 0, 6, and 13. At week 30, both were infected by i.v. injection of 10 animal ID 50 units of SIVmac251 strain, followed at week 37 by an i.v. injection of the previous dose of BCG. Before euthanasia, at week 46 (macaque 94057) and 136 (macaque 94005), DTH reactions were generated by intradermal injection of 3,000 units of PPD in 0.1 ml in the skin on the back of the animals. PPD injections were performed in duplicate at 18, 25, 36 , and 60 h and in triplicate at 12, 18, 25, 36, and 60 h before sacrifice of monkeys 94057 and 94005, respectively. Skin patches from the DTH sites, and one normal skin patch from the abdomen, were removed, and dermal zones were dissected under a stereomicroscope.
PCR and Reverse Transcription (RT)-PCR on Skin Patches. Total DNA or RNA extraction was performed on 50% and 25% of each dissected derma, respectively, by using Masterpure extraction kit (Epicentre Technologies, Madison, WI). DNA was used to amplify CD3␥, SIV (2), and T cell antigen receptor (TCR) loci. RNA extraction included two DNase steps. The absence of DNA contamination was confirmed by CD3␥ chain PCR as described (2). cDNAs were generated and then amplified by nested RT-PCR as described (9) . Primers were as follows:
SIV-out3Ј, 5Ј-TAAGCAAAGCATAACCTGGAGGTG; T Cell Repertoire Analysis. Amplification of TCR ␤ sequences was performed on 1 g DNA aliquots as described (9) . DNA was used for specific amplification with SJ␤1.3-30, SJ␤1.6-30, SJ␤2.3-30, and SJ␤2.7-100 primers in combination with primers for the 10 major TCRBV segments. Approximately 80% of the repertoire was covered (15) . PCRs were performed for 35 cycles (95°C for 30 s, 55°C for 30 s, 72°C for 5 min) by using hot-start PCR conditions. A fragment of the CD3␥ chain gene was PCR amplified as an amplification control; all the samples were positive. Linear amplification (run-off) was performed with each of the 13 TCRBJ-specific primers labeled with the Fam fluorophore. PCR products were separated on 6% acrylamide denaturing gel on an ABI373 DNA Sequencer. Data were collected and analyzed by using the GENESCAN data collection and analysis software (Applied Biosystems). In this type of analysis, each T cell clone is defined as a peak at a specific molecular weight related to the length of the TCR ␤ CDR3 region. In general, a discrete peak represents a single T cell clone as confirmed by sequencing (ref. 11; data not shown). The clonality (Ͼ80% of clones showing the same CDR3 region) of the peaks presented in this study was confirmed in two different skin patches by molecular cloning and sequencing.
In Situ Hybridization. In situ hybridization (ISH) was performed with a 35 S-labeled SIVmac142 env-nef RNA probe as described (16) . Slides were treated so as to detect productively infected cells. At least 20 mm 2 was examined per dermal sample.
Results
Inoculation Protocol. After BCG vaccination two macaques (94057 and 94005) were infected with SIVmac251 ( Fig. 1 Upper).
After peak viremia and seroconversion, both animals received a further boost of BCG to channel SIV into BCG-specific CD4 T cells. In terms of viral load, macaque 94005 had undetectable viremia at the time of sacrifice ( Fig. 1 Lower Right). By contrast, macaque 94057 showed high-peak viremia, an order of magnitude greater than for 94005, with a set point Ͼ10 5 SIV RNA copies per ml. The CD4͞CD8 ratio remained stable for macaque 94005, whereas it declined rapidly for macaque 94057. The increase in plasma viremia after BCG inoculation at 7 weeks after SIV infection shows that a proportion of BCG-specific T cells harbored SIV. Starting 3 days before sacrifice, the macaques were subjected to a series of intradermal PPD injections to induce DTH reactions (Fig. 1 Upper) . Injections were performed in duplicate or triplicate (macaques 94057 and 94005, respectively). At necropsy, skin patches corresponding to the different DTH sites and normal patches (referred to as 0 hours, Fig. 1 Upper) were sampled. In this way, it was possible to analyze, in reverse order, the kinetics of DTH formation-a skin patch sampled after 18 h was ''younger'' than one initiated at 60 h. Maximal thickness or induration was observed 2 days after inoculation, at the same time as massive lymphocyte and macrophage infiltration (data not shown). The kinetic data of the DTH reaction were similar to those triggered by PPD antigen in BCG-vaccinated humans (17) .
Kinetics of SIV Replication in DTH Sites. Because DTH reactions are mediated inter alia by activated memory CD4 T cells, this reaction should provide a milieu conducive to SIV replication (9, 10) . The DTH reaction was studied by RT-PCR and ISH of 5-m dermal sections (Fig. 2) . For macaque 94057, productive viral infection, as evidenced by grains over cells, was evident at 18 h but restricted by 25 h and thereafter (Fig. 2a) . In terms of RT-PCR, late mRNA SIV transcripts (env V1-V2) were detected at 18 and 25 h, but not subsequently, despite the high sensitivity of the technique (nested env V1-V2 sensitivity, one infected cell per reaction). The presence of SIV-producing cells was confirmed by ISH. By contrast, SIV leader mRNA sequences were detected throughout the series of DTH reactions. Late mRNA sequences were absent from samples collected more than 25 h after PPD injection, which indicated that detection of leader mRNA was synonymous with early mRNA transcripts. Even though viral replication was restricted at later time points, cells harboring viral DNA [nested env V1-V2 sensitivity, one to two copies per reaction (18) ] were present throughout (Fig. 2a) . Hence, detection of leader sequences probably reflects de novo proviral transcription because 1-2 h after integration is sufficient to detect early viral transcripts (19, 20) . For the low-viremia animal, 94005, there was no evidence of viral production between 12 and 60 h after PPD inoculation, either by ISH or by late mRNA synthesis (Fig. 3b) . Just as for the high-viremia macaque, SIV leader mRNA sequences could be detected throughout, as could proviral and CD3␥ DNA controls.
SIV transcription was undetectable in control dermal samples, demonstrating that the DTH reaction results in the activation of resident-infected T cells and͞or infiltration of SIV-infected cells leading to viral transcription (9, 10) . Although the production of virus by 18 h after PPD injection in macaque 94057 is consistent with the kinetics of virion assembly (14) , the extinction of late viral mRNA by 36 h is surprising because the recruitment of activated CD4 T cells into DTH reaction is maximal after 60 h, as shown by immunohistochemistry (ref. 17 ; data not shown). Furthermore, data for macaque 94005 are indicative of abortive activation of viral replication despite occurring in DTH sites.
Kinetics of PPD-and SIV-Specific T Cell Infiltration in DTH Sites.
Such ephemeral viral replication suggests that it may be curtailed by the infiltration of anti-SIV T cells. Previous work has shown that BCG-and SIV-specific T cell clones, as defined by the CDR3 region of their rearranged TCR ␤ chains, can be identified in PPD-specific DTH sites (9) .
The PPD-specific TCR repertoires were first analyzed on PBMCs stimulated ex vivo. As defined by peaks in a GENESCAN analysis, four (macaque 94057) and six (macaque 94005) T cell clones were identified in the PPD-stimulated PBMC cultures at week 13 (after BCG inoculation), but not at week Ϫ10 and in uncultured week 13 PBMCs, indicating that they were PPDspecific T cells (a typical example is shown in Fig. 3a) . Likewise, anti-SIV T cells were expanded ex vivo. Duplicate cultures of PBMCs sampled before (week 13) or after (week 32) SIV infection were performed by using SIV-infected autologous phytohemagglutinin-activated lymphoblasts as stimuli (sampled at week 32). This protocol has led to preferential expansion of SIV-specific CD8 ϩ CTLs (21) . As defined by peaks in a GENES-CAN analysis, 8 (94057) and 10 (94005) T cell clones were identified in cultures from week 32 PBMCs. Their absence in the pre-SIV infection blood samples and cultures shows that they represent anti-SIV CD8 T cells. Together these PPD-specific and anti-SIV T cell clones constitute reference sets allowing the kinetics of T cell infiltration into the DTH sites to be determined.
The dynamics of T cell infiltration was assessed by using TCR repertoire analysis on DNA extracted from dermal samples, an example of a PPD-specific T cell clone in DTH sites being shown in Fig. 3b . By 18 h, PPD-specific clones were detected correlating with an obvious induration of the skin. A checkerboard representation of all PPD-and SIV-specific clones is given in Fig. 4 . For both animals the number of PPD-specific clones detected in the skin patches generally increased with the development of the DTH reaction. Their absence in the control dermal samples, together with the presence of some unrelated T cell clones, indicates that the profusion of PPD-specific cells in the DTH sites was linked to in situ infiltration and͞or proliferation. The collection of rearranged TCR ␤ genes was unique for each DTH site, which indicates that there was little infiltration of T cells between skin patches.
By contrast, the infiltration kinetics of SIV-specific T cell clones differed between animals. For the high-viremia macaque 94057, they were first detected by 25 h (Fig. 4a ) and remained thereafter. Their infiltration coincided with the decline of SIV replication, as shown in Fig. 2 . For the low-viremia macaque 94005, 4 of 10 SIV-specific clones were present by 12 h (Fig. 4b) , their frequency increasing to 10 of 10 by 25 h. As noted above, there was no evidence of productively infected cells in the DTH sites, as determined by in situ hybridization or RT-PCR of late mRNA, in this animal. Because CTLs typically express granzyme B and perforin molecules associated with the cytolytic granules, RT-PCR specific for granzyme B and perforin mRNA was also performed on RNA extracted from dermal samples. By the time SIV-specific T cells had infiltrated the DTH sites, the samples were positive for both granzyme B and perforin (Fig. 4) , consistent with the presence of functional anti-SIV CTLs.
Discussion
The series of DTH reactions, elicited in BCG-vaccinated, SIVinfected macaques, characterize a sequence of events initiated by the recruitment of PPD-specific CD4 T cells supporting the induction of SIV transcription (9, 10) . After the expression of SIV antigens, a second wave of T cell infiltration occurs, this time SIV-specific CTLs. In these circumstances successful viral replication depends on the interval between the onset of proviral transcription and the infiltration of anti-SIV CD8 T cells. If there is a delay of the order of 10-20 h between the two, then there is a narrow window during which SIV production is possible. This window of opportunity should allow viral particles to reseed the pool of memory CD4 ϩ T cells. If, by contrast, infiltration is rapid, perhaps because of higher CTL precursor frequencies, then productive infection is abolished. These findings agree with the observation of an inverse correlation between peripheral CTL frequencies and plasma HIV load (22) ; the high plasma SIV was inversely related to retarded rates of CTL infiltration into DTH sites. Although two animals were studied, it is expected that the extent of replication and the speed of infiltration of anti-SIV T cells will form spectra, notably the extent of SIV replication and the breadth of the window. Regardless of the relative kinetics, once the wave of SIV-specific CD8 T cells was complete, the DTH sites were sterilized of productively infected cells. In this case, the presence of early transcripts could be indicative of in situ activation of newly recruited, PPD-specific T cells with subsequent proviral transcription. These features are summarized schematically in Fig. 5 .
The sterilization of the DTH sites is indicative of efficient control of viral replication. These microscopic phenomena correlate well with the overall viremia. For macaque 94057, for which there was ephemeral local replication, the plasma viral load was 2.4 ϫ 10 5 ͞ml at sacrifice, whereas for the second animal, 94005, virus was undetectable in the serum. Yet even in this latter case, where SIV-specific T cell infiltration was rapid, the persistence of infection means that SIV was replicating in the host, perhaps in some other anatomical sites. These findings are consistent with the observation that even within splenic germinal centers there was little productive infection (18) . SIV infection is seen as an endless series of rounds of replication with relatively few productively infected cells at any moment. Elimination of nonproductively infected cells, albeit mainly shortlived effector lymphocytes, may contribute to pathology and loss of antigen-specific T cells over the long run. When averaged over numerous discrete sites, it is apparent that a window of only a few hours allows SIV to escape dynamically from immune responses capable of blocking productive viral infection. In this sense, the virus does not need genetic variation to escape from immune responses (5-7). These findings highlight the magnitude of the problem of eliminating a virus that spreads by stealth as a Trojan horse inside antigen-specific T cells drawn to inflammatory sites.
The wave of infiltrating SIV-specific T cells and other inflammatory responses does not block proviral transcription, suggesting that the restriction is either by cytolysis or by action on some early event in the virus life cycle, thus prohibiting expression of late mRNA transcripts. The early HIV-1 Tat, Rev, and Nef proteins are frequently targets for CTLs (23) , immunization with Tat and Rev proteins inducing the attenuation of virus replication and disease (24) (25) (26) . It is thus distinctly possible that SIV replication in the DTH sites is restricted by CTLs. In this event, the role of the early SIV Nef protein, which partly downregulates antigen-presenting MHC class I molecules at the cell surface (27) , in terms of its ability to help the virus evade cell-mediated immunity, needs to be addressed. Given that SIV replication may be rapidly restricted, it would be interesting to find out whether stimulation of cell-mediated immunity to all early proteins (i.e., Tat, Rev, and Nef) would result in better control of SIV. 
